Abstract Introduction
Early warning scores (EWSs) are used extensively to identify patients at risk of deterioration in hospital. Previous systematic reviews suggest that studies which develop EWSs suffer methodological shortcomings, and consequently may fail to perform well. The reviews have also identified that few validation studies exist to test whether the scores work in other settings.
Methods
We will identify studies that describe the development or validation of EWSs. Each study will be assessed for risk of bias using the Prediction model Risk of Bias ASsessment Tool (PROBAST). Two reviewers will independently extract information. A narrative synthesis and descriptive statistics will be used to answer the main aims of the study which are to assess and critically appraise the methodological quality of the EWS, to describe the predictors included in the EWSs, and to describe the reported performance of EWSs in external validation.
Ethics and dissemination
This systematic review will only investigate published studies and therefore will not directly involve patient data. The review will help to establish whether EWSs are fit for purpose, and make recommendations to improve the quality of future research in this area.
Systematic review registration:
PROSPERO, CRD42017053324. 
Strengths and limitations of this study
• The first systematic review in a decade to include all published Early Warning Scores.
• The first systematic review to include Early Warning Score validation studies.
• The review will assess the methodology and generalisability of studies to identify the best current Early Warning Scores, and make recommendations for future development and validation studies.
• The review will be limited to examining published Early Warning Scores. Many other scores may be in clinical use, but not published.
Background
Towards the end of the 20 th century, accumulating evidence suggested that people in hospital wards were dying and suffering harm unnecessarily [1] [2] [3] . Multiple studies have demonstrated that cardiac arrest or death are commonly preceded by several hours of deranged physiology [4] [5] [6] . Recommendations were made to put systems in place to use this information to identify and respond to previously unrecognised deterioration in patients 7 . In response, the first early warning score (EWS) was published in 1997 8 .
EWSs are simple tools to reduce unnecessary harm in hospitals. These clinical prediction models use patients' measured vital signs to monitor their health during their hospital stay and identify their likelihood of deteriorating, characterised as death or admission to ICU, for example. Should a patient show signs of deteriorating, the EWS triggers a warning so that care can be escalated.
There are now many EWSs available [9] [10] [11] . They are routinely used in several countries, including the Netherlands, the USA and Australia and their use in UK hospitals is mandated Based upon the he Hospital Episode Statistics 13 we estimate that EWSs are used more than 120 million times per year in the NHS in England alone, a conservative estimate that probably well underestimates the true total * .
EWSs have been derived using a variety of approaches. Some have been developed using statistical methods for clinical prediction, by linking observations (e.g., vital signs) to outcomes (e.g., death, ICU admission) through regression models. Others have been based on clinical consensus without statistical modelling. Although there is now an abundance of clinical predication models in many fields of medicine and healthcare, in practice many of these models are scarcely used 14 15 . Systematic reviews of clinical prediction models in other clinical areas have all concluded that many are poorly developed [15] [16] [17] and that they are rarely and inappropriately evaluated 18 19 (often referred to as validation). There is no common agreement on which of the dozens of EWSs available performs best. Most problematically, recent evidence suggests that EWSs have not solved the problem they were designed for:
unrecognised deterioration of patients in hospitals remains a major issue 20 .
The aim of this systematic review is to critically appraise papers describing the development 
Existing systematic reviews
Three systematic reviews on EWSs have been published [9] [10] [11] . The main aims of the reviews were to describe the development of EWSs, assess their predictive performance, and assess any impact studies that evaluate the effect of implementing EWSs in clinical practice. A fourth review by Alam 21 solely looked at impact studies, but we do not plan to include these in our review.
Many of the reviewed scores included similar predictors and applied similar weights to those predictors. Nearly all of the scores included pulse rate, breathing rate, systolic blood pressure, and temperature. The reviews also found some indication that scores that included age performed better 10 . In contrast to studies developing EWSs, validation studies that evaluated the performance of EWSs were relatively uncommon.
The use of poor methods to develop EWSs could mean that the scores are unreliable and fail to accurately predict risk. and MEB subjectively reported that they found many of the primary studies to be of low quality, used suboptimal methods, and were at high risk of bias 9 11 . However, none of the reviews made a detailed and structured evaluation of the approaches used to develop EWSs, following recommended methodological considerations in the field of clinical prediction models [22] [23] [24] [25] [26] . studies, but performed their own external validation as part of their review by evaluating the identified models using their own data. They found that none of the scores showed good enough performance 10 .
Research aims
In this systematic review, we aim to identify all existing published EWSs and:
1. Describe and critically appraise the methods that have been used to develop and validate (where appropriate) the scores. We will take a wide-ranging approach and will cover statistical aspects, such as how missing data are accounted for and how continuous predictors are used. We will also investigate aspects of generalisability, such as details of the populations used to develop the models.
2. Describe which predictors are included in the scores and how they are weighted. 
Selection criteria
We will include studies that satisfy all of the following criteria:
1. The study describes the development or validation of one or more EWSs, defined as a score used to identify hospitalised patients at risk of clinical deterioration.
2. The EWS studied combines information from at least two predictor variables to produce a summary risk estimate.
3. Validation studies will only be included where the corresponding development articles are available.
We will exclude papers where any of the following apply:
1. The score was developed for use in a subset of patients with a specific disease or group of diseases.
2. The score was developed for use with children (aged under 16 years) or pregnant women.
3. The score is intended for outpatient use.
4. Reviews, letters, personal correspondence and abstracts.
Search strategy Studies will be identified by searching the medical literature using Medline (OVID), CINAHL (EbscoHost), and Embase (OVID) to identify primary articles reporting on the development and/or validation of EWSs. We will use a combination of relevant controlled vocabulary terms for each database (e.g. MeSH, Emtree), and free-text search terms. Citation lists of previous systematic reviews and included studies will be searched to identify any 
Study selection
Two reviewers will independently screen all titles and abstracts using pre-specified screening criteria. The full text of any relevant articles will then be independently assessed by two reviewers. Disagreements will be resolved by discussion and, if necessary, referral to a third reviewer. The study selection process will be reported using a PRISMA flow diagram 29 .
Data extraction
Data will be independently extracted by two reviewers using a standardised and piloted data extraction form. The form will be administered using the Research Electronic Data Capture (REDCap) electronic data capture tool 30 . Disagreements will be resolved by discussion and, if necessary, by referral to a third reviewer. We will choose items for extraction based on the CHARMS checklist 28 , supplemented by subject-specific questions and methodological guidance. Items for extraction will include:
• Evidence synthesis
We will summarise the results using descriptive statistics, graphical plots, and a narrative synthesis. We do not plan to perform a quantitative synthesis of the scores or their predictive performance. However, if we identify multiple studies that evaluate the same EWS and report common performance measures, we will summarise their performance using a randomeffects meta-analysis 31 . The PROBAST evaluation will be used to determine the models' risk of bias, including whether the EWSs are likely to work as intended for the hospital population of interest. The models will be classed as low, high, or unclear risk of bias. 
Discussion
Although EWSs are extensively used in clinical practice, the methodology behind them remains questionable. Although not formally assessed, previous systematic reviews of EWSs have indicated that many studies suffer from a lack of quality and that few EWSs have been satisfactorily validated [9] [10] [11] . These aspects are crucial for developing a prediction model that can confidently be rolled out into clinical practice. This systematic review will bridge this important gap by examining methodological quality and external validation in detail. This systematic review is timely, as it is now nearly a decade since the last comprehensive review of EWSs, which have only existed for 20 years.
EWSs have historically been implemented as part of traditional paper observation charts. The requirement for scores to be calculated manually necessitated the use of simple scoring algorithms. Storage of data on paper has been a barrier to collection of large datasets for score derivation and validation. Digital systems are increasingly being used to record vital signs and calculate EWSs 32 , offering the opportunity to be more rigorous and innovative in the development and implementation of new EWSs. The adoption of digital vital signs charting offers an opportunity to transition away from poor quality EWSs. Our review will provide the evidence for creators of digital systems to identify which EWSs should be prioritised for implementation.
Contributors
SG, JB, TB, PW, and GSC conceived the study. SG developed the study protocol and will implement the systematic review under the supervision of GSC. SG will provide the study's statistical analysis plan and will analyse the data. SG and SK will perform the study search and SG will screen and extract the data. JB, TB, PW, and GSC will review the work. SG Provide an explicit statement of the question(s) the review will address with reference to participants, interventions, comparators, and outcomes (PICO) 7
METHODS

Eligibility criteria 8
Specify the study characteristics (e.g., PICO, study design, setting, time frame) and report characteristics (e.g., years considered, language, publication status) to be used as criteria for eligibility for the review 
STUDY RECORDS
Data management 11a Describe the mechanism(s) that will be used to manage records and data throughout the review 9
Selection process 11b State the process that will be used for selecting studies (e.g., two independent reviewers) through each phase of the review (i.e., screening, eligibility, and inclusion in meta-analysis)
9
Data collection process 11c Describe planned method of extracting data from reports (e.g., piloting forms, done independently, in duplicate), any processes for obtaining and confirming data from investigators 9
Data items 12
List and define all variables for which data will be sought (e.g., PICO items, funding sources), any pre-planned data assumptions and simplifications
9
Outcomes and prioritization 13 List and define all outcomes for which data will be sought, including prioritization of main and additional outcomes, with rationale 9
Risk of bias in individual studies 14
Describe anticipated methods for assessing risk of bias of individual studies, including whether this will be done at the outcome or study level, or both; state how this information will be used in data synthesis 
10
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Early warning scores (EWSs) are used extensively to identify patients at risk of deterioration in hospital. Previous systematic reviews suggest that studies which develop EWSs suffer methodological shortcomings, and consequently may fail to perform well. The reviews have also identified that few validation studies exist to test whether the scores work in other settings. We will aim to systematically review papers describing the development or validation of EWSs, focusing on methodology, generalisability and reporting.
Methods
We will identify studies that describe the development or validation of EWSs for adult hospital inpatients. Each study will be assessed for risk of bias using the Prediction model
Risk of Bias ASsessment Tool (PROBAST)
. Two reviewers will independently extract information. A narrative synthesis and descriptive statistics will be used to answer the main aims of the study which are to assess and critically appraise the methodological quality of the EWS, to describe the predictors included in the EWSs, and to describe the reported performance of EWSs in external validation.
Ethics and dissemination
Systematic review registration:
Strengths and limitations of this study
Background
EWSs are simple tools to reduce unnecessary harm in hospitals. These clinical prediction models use patients' measured vital signs to monitor their health during their hospital stay and identify their likelihood of deteriorating, characterised as death or admission to ICU, for example. Should a patient show signs of deteriorating, the EWS triggers a warning so that care can be escalated. EWSs, which are also commonly referred to as track-and-trigger scores, are often implemented as part of an 'early warning system', or 'early warning score system'. These are computer systems which record vital signs, automatically or manually, and then implement the EWS algorithm to indicate a patient's risk of deterioration. The clinical predication models in many fields of medicine and healthcare, in practice many of these models are scarcely used 14 15 . Systematic reviews of clinical prediction models in other clinical areas have all concluded that many are poorly developed [15] [16] [17] and that they are rarely and inappropriately evaluated 18 19 (often referred to as validation), i.e. tested in different setting to which they were developed. There is no common agreement on which of the dozens 
Existing systematic reviews
Four systematic reviews of studies which develop or validate EWSs have been published [9] [10] [11] . , looked at impact studies, but we do not plan to include these in our review.
Many of the reviewed scores included similar predictors and applied similar weights to those predictors. Nearly all of the scores included pulse rate, breathing rate, systolic blood pressure, and temperature. The reviews also found some indication that scores that included age performed better 10 . In contrast to studies developing EWSs, validation studies that evaluated the performance of EWSs were relatively uncommon. reported that they found many of the primary studies to be of low quality, used suboptimal methods, and were at high risk of bias 9 11 . However, none of the reviews made a detailed and structured evaluation of the approaches used to develop EWSs, following recommended methodological considerations in the field of clinical prediction models [24] [25] [26] [27] [28] . After a prediction model (i.e., an EWS) has been developed, its predictive accuracy should be evaluated in the same population used to derive it, a process called internal validation. The two widely recommended characteristics that describe the performance of a prediction model are discrimination (e.g., the c-index and AUROC) and calibration 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Research aims
In this systematic review, we aim to identify all existing published EWSs for adult hospital inpatients and:
2. Describe which predictors are included in the scores and how they are weighted.
3. Report which EWSs have undergone external validation and, if so, how well they performed.
Methods
Our systematic review protocol was registered with the International Prospective Register of Systematic Reviews (PROSPERO) on 12 
Selection criteria
4. The score is intended for use in the intensive care unit (ICU).
5. Reviews, letters, personal correspondence and abstracts. or language restrictions will be applied. Citation lists of previous systematic reviews and included studies will be searched to identify any studies missed by the search. We will also conduct a Google Scholar search to identify any other eligible studies. Appendix A shows a draft search strategy.
Study selection
Two reviewers will independently screen all titles and abstracts using pre-specified screening criteria. The full text of any relevant articles will then be independently assessed by two reviewers. Disagreements will be resolved by discussion and, if necessary, referral to a third reviewer. The study selection process will be reported using a PRISMA flow diagram 31 .
Data extraction
Data will be independently extracted by two reviewers using a standardised and piloted data extraction form. The form will be administered using the Research Electronic Data Capture (REDCap) electronic data capture tool 32 . Disagreements will be resolved by discussion and, if necessary, by referral to a third reviewer. We will choose items for extraction based on the Evidence synthesis
We will summarise the results using descriptive statistics, graphical plots, and a narrative synthesis. We do not plan to perform a quantitative synthesis of the scores or their predictive performance. However, if we identify multiple studies that evaluate the same EWS and report common performance measures, we will summarise their performance using a randomeffects meta-analysis 33 . The PROBAST evaluation will be used to determine the models' risk of bias, including whether the EWSs are likely to work as intended for the hospital population of interest. The models will be classed as low, high, or unclear risk of bias.
Discussion
EWSs have historically been implemented as part of traditional paper observation charts. The requirement for scores to be calculated manually necessitated the use of simple scoring algorithms. Storage of data on paper has been a barrier to collection of large datasets for score derivation and validation. Digital systems are increasingly being used to record vital signs and calculate EWSs 34 , offering the opportunity to be more rigorous and innovative in the development and implementation of new EWSs. The adoption of digital vital signs Contributors SG, JB, TB, PW, and GSC conceived the study. SG developed the study protocol and will implement the systematic review under the supervision of GSC. SG will provide the study's statistical analysis plan and will analyse the data. SG and SK will perform the study search and SG will screen and extract the data. JB, TB, PW, and GSC will review the work. SG wrote the first protocol manuscript draft and all authors gave input into and approved the final draft of the protocol. 
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